Zinc oxide (ZnO) is an important material for polymer solar cells (PSCs) where the characteristics of the interface can dominate both the efficiency and lifetime of the device. In this work we study the effect of fluorine (SF 6 ) plasma surface treatment of ZnO films on the performance of PSCs with an inverted structure. The interaction between fluorine species present in the SF 6 plasma and the ZnO surface is also investigated in detail.
device performance. 47 Doping is also an efficient way to passivate surface defects and simultaneously enhance the conductivity of ZnO. Through doping with group-II or group-III elements, an increase in the electrical conductivity of ZnO and, consequently, in the photovoltaic performance of PSCs with an inverted structure has been observed. [48] [49] [50] [51] [52] Besides the metal and also nitrogen doping which has also been reported to tune the properties of the zinc oxide surface, 53 our group and others recently introduced the beneficial surface modification of ZnO by using a hydrogen (H) plasma treatment for efficient inverted PSCs. 54, 55 Plasma surface treatment is a process that alters the surface energy of many materials so as to improve the bonding characteristics. In our previous work it was found that H plasma treatment altered the surface properties of ZnO films, in particular the wetting of the photoactive layer, while it also reduced surface roughness and induced significant changes in the nanomorphology/crystallinity of the photoactive blend, which was deposited on top of the ZnO surface, allowing efficient charge generation and extraction. In addition, a reduction in the work function of ZnO followed by a decreased energy barrier for electron extraction from fullerene acceptor was evident.
In this work we study the effect of the SF 6 plasma treatment of ZnO on the performance of PSCs with an inverted structure while we also reveal the details of the interaction between fluorine (F) species (atoms, radicals) produced by the dissociation of the SF 6 plasma and the ZnO surface. Fluorine has been recognized as one of the most effective n-type dopants and passivation elements for the fabrication of ZnO-based transparent conductive oxides, [56] [57] [58] while recently it was found that fluorine-containing ZnO films allow the fabrication of thin film transistors which exhibit high field effect mobility with adequate gate bias stability. 59, 60 However, its beneficial use in passivating ZnO surface defects and/or enhance its n-type conductivity for application in organic optoelectronics has not been demonstrated up to now. Here we demonstrate that a mild SF 6 
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Influence of Fluorine Plasma Treatment on the Surface Properties of ZnO. The 40 nm thick
solution processed ZnO films were grown using a sol-gel deposition method. The room-temperature photoluminescence (PL) spectra of the as-grown ZnO films present a relatively sharp UV (the so-called near-band-edge, NBE) emission around 380 nm (3.26 eV) and a broad emission within the visible range ( Figure 1a) . The former is due to free exciton emission since the bound excitons are usually thermally ionized at room temperature, 61 while the latter is usually attributed to structure defects such as oxygen (V O ) and zinc vacancies (V Zn ) (see also Figure S1 , Supporting Information). 62, 63 The V O energy states are partially occupied and are typically located at about 0.8-1.0 eV below the bottom of the conduction band, 64,65 acting thus as trap states for the photogenerated charge (especially for the photogenerated holes, as will be discussed below) leading to higher recombination rates. 66 After surface treatment with a mild (in order to avoid etching of the ZnO surface) SF 6 plasma for 5 min (the optimized plasma process conditions in order to obtained best device performance are described in the experimental section) it is found that visible (defect) emission is significantly suppressed while the NBE is greatly enhanced compared to that of the as-grown
ZnO films. The reduction of the visible emission can be attributed to the passivation of surface states such as dangling bonds and oxygen and zinc vacancies with fluorine plasma treatment. However, the fact that visible emission is not completely quenched may derive from defects and grain boundaries present in the bulk material which could not be passivated by the mild plasma treatment (since fluorine species coming from the dissociation of SF 6 molecules are present only within few nanometers from the ZnO surface).
However, the surface defect and nonradiative recombination centers can be significantly passivated by F, resulting in both the significant suppression in visible and the enhancement in NBE emission in the SF 6 treated ZnO sample (termed hereafter as F-ZnO). Moreover, additional radiative recombination emission can be caused by F doping (and possibly by H doping, as explained below) in the near surface region, which would contribute to the enhanced NBE. 67 Thus, by SF 6 plasma treatment both surface passivation effect and probably doping of the near surface region may be responsible for the observed changes in the PL spectra.
The crystal structures of the as-grown and the SF 6 treated ZnO films deposited on Si substrates were analyzed by measuring the X-ray diffraction (XRD) patterns shown in Figure 1b . The UV-vis transmission and absorption spectra of the same films deposited on quartz substrates are presented in Figure S2 . Both films exhibit a single diffraction peak at 2θ angle of 34.30 degrees which was indexed as the (002) plane in agreement with the standard diffraction pattern (JCPDS 36-1451) of a hexagonal wurtzite ZnO structure. 68 It is worth noting that the recorded (002) preferred orientation implies a highly textured structure of the films, with the c-axis oriented perpendicular to the substrate (Figure 1c ). The full-width at half-maximum (FWHM) of (002) peaks was nearly identical indicating a similar grain size in both films. The surface morphology of ZnO and F-ZnO thin films was investigated by atomic force microscopy (AFM), and the resulting images are shown in Figures 1d and 1e , respectively. The as-grown and SF 6 treated ZnO films exhibited a surface structure consisting of columnar grains of different sizes. The columnar morphologies are regarded as c-axis growth orientations. 68 Columnar grains increased in size after fluorine plasma treatment of ZnO. This morphological change might be the result of the F surface passivation, which reduces the density of grain boundaries through saturating the surface dangling bonds, and is not influenced by the difference in processing as films were grown under identical conditions. However, a similar conclusion was not derived from the XRD data since there was no change in the FWHM of those films. We anticipated that this is because the diffusion of F species coming from the SF 6 plasma is limited within only a few nanometers from the film's surface and therefore no changes were detected with XRD. An additional explanation for the similarity of the XRD patterns is that changes in the peak position resulting from lattice distortion with F doping were not observed because the ionic radius of F (1.34 °A) is quite similar to that of O (1.39 °A) and therefore no structural changes are expected when F atoms fill oxygen and/or oxygen defect sites.
There are limitations of the analysis based on the XRD patterns and surface morphologies of the films in fully unravelling the passivation effect of SF 6 plasma on the surface of ZnO. Thus, an X-ray photoelectron spectroscopy (XPS) study was performed to better understand the surface passivation mechanism because the analysis depth in an XPS study covers the outer surface layers where the main effect of plasma treatment is expected. The XPS wide scans of the as-grown and fluorine plasma treated films are shown in Figure S3 and were used to determine the changes of the chemical states of the ZnO after plasma treatment. Figure 2a shows the Zn 2p 3/2 XPS peak of the as-grown and the plasma treated samples. In the as-grown sample the Zn 2p 3/2 peak appears at 1021.6 eV. After plasma treatment, the peak is shifted to 1022.3 eV; this 0.7 eV shift shows that the chemical environment of the Zn is changed, maybe due to the formation of Zn-F bonds causing the passivation of the Zn dangling bonds (and O vacancies) by F atoms. The XPS wide scans of both ZnO films ( Figure S3 ) show that there are no sulfur atoms present on the surface of the plasma treated ZnO ( Figure S4 ) which supports our argument that the only surface passivation element in the SF 6 plasma treated sample is fluorine. In Figure 2b the F 1s core level peak appearing at 685.1 eV is shown. This peak was assigned to the Zn-F bond of the plasma treated sample. [69] [70] [71] From the F1s and FKLL peaks the Auger parameter was calculated equal to 1340.4 eV, which also indicates the existence of ZnF 2 in the near surface region of our SF 6 plasma treated sample. 72 The O 1s core levels (Figures 2c and d) were deconvoluted into two different oxygen peaks at 530.6 eV and 532.2 eV, which can be assigned to oxygen in the oxide lattice (oxygen bonded to metal atoms) and to hydroxyl groups, respectively. 73 The area of the latter is increased in the plasma treated sample which indicates the formation of surface hydroxyl groups (as will be discussed below).
In order to explore the impact of fluorination on the ZnO surface ( Figure S5 a) , Density Functional Theory (DFT) calculations were carried out to investigate the modification of the surface electronic structure using the theoretical procedure described in the methodology section. Due to the presence of ambient H atoms during the experimental conditions, H atoms adsorbed on the surface are also incorporated; it was found that the adsorption energy per H atom is -4.78 eV, which indicates strong tendency for bonding with fluorine. Figure 3c shows the calculated DOS for this case; we observe that all unsaturated surface O 2p orbitals have vanished with F 2p states being located at the VBM. To explain our experimental and theoretical results we propose the surface passivation mechanism presented in Figure 3d . As schematically illustrated, fluorine atoms can substitute oxygen or occupy oxygen vacancy sites in the ZnO atomic structure because fluorine and oxygen have similar ionic sizes. The substitution of an oxide oxygen atom by a F creates a free electron due to the difference in the electrovalence of fluorine (F  -) and oxygen (O
2-
). 74 The generated free electrons could also enhance the conductivity of the near surface ZnO layers which is an additional benefit for the PSC performance. On the other hand, the occupation of an and a CB minimum of 4.4 eV below vacuum (the energy gap of the SF 6 treated sample remains unchanged, Figure S2 ). In addition, the Zn 3d peak shifts to 11.5 eV whereas the appearance of a new peak at 8.7 eV is evident, which is attributed to F 2p atomic orbitals, supporting the formation of a ZnF 2 layer on the film surface. 77, 78 We anticipate that the increase of the valence band onset and also of the position of Zn 3d atomic orbitals (with respect to the Fermi level) is due to the de-trapping of electrons from surface states (like O vacancies and dangling bonds) which also results in a decrease of the surface work function of ZnO.
As discussed above, the surface and grain boundaries of ZnO are prone to electron trapping, which result in the formation of a space-charge region (depletion layer) and therefore in upward shift (band bending) of the VB, CB and vacuum level in the as-grown sample, as illustrated in Figure 4b . 79, 80 Under SF 6 plasma treatment, fluorine ions passivate defect levels in the zinc oxide surface and reduce (or even eliminate) the density of trapped electrons reducing significantly the width of the space-charge region and forcing the band edges to downward shift having as a net result the reduction of the work function in the ZnO surface ( Figure   4b ). Figure 6b , the reverse saturation current for the devices with F-ZnO is greatly suppressed compared to the devices with ZnO, while the former devices also exhibit higher currents in the forward direction and reduced series and increased shunt resistances (Table 1) was in the case of the devices with the H plasma treated ZnO layers. 54 The above argument is also supported by the increase of the ZnO substrate hydrophilicity after F plasma treatment resulting in small degradation of the wetting of the photoactive blend as concluded from contact angle measurements taken in the as-grown and SF 6 treated ZnO layers ( Figure S11 ). However, the most hydrophilic F plasma-treated ZnO layer could favor the accumulation of fullerene on top of it which could be beneficial for the device operation.
Influence of Fluorine Plasma Treatment of ZnO on
Remarkably, in addition to the significant efficiency enhancement, the ambient stability of the devices with the HZO layers is also significantly improved as shown in Figures 6d, e and f. For the non-encapsulated P3HT:PC 71 BM devices, the J sc , V oc and FF retained more than 80% of their original values after being stored in dark and under ambient conditions for a period of 1500 hours (two months). In contrast, the corresponding values of the control devices with the ZnO layers decreases significantly over the same period after being stored under the same conditions. This significant increase in the ambient stability of the F-ZnO based devices may be attributed to the fluorine passivation of the surface defects and dangling bonds.
In order to gain deeper understanding on the origin of the improved device performance, electron-only devices having the structure FTO/ZnO/ P3HT:PC 71 BM/Al were fabricated and measured to investigate their electron transport properties. Figure 7a shows the dark current density-voltage measurements for devices with as-grown and SF 6 plasma treated ZnO layers. The device with the ZnO exhibits significantly lower (more than two orders of magnitude) current density as compared to the device with the plasma treated ZnO sample. This result reveals the superior electron transport characteristics of the latter device which may be attributed to the reduced density of surface trap states of the F-ZnO layer and to the elimination of the electron extraction barrier at its interface with PC 71 BM; both significantly decrease the probability of trap- Table 1 ). Similarly, the efficiency of 8.0%
obtained in the PTB7:PC 71 BM-based device with the plasma treated interlayer represent a nearly 45% improvement over the 5.5% obtained in the control devices (Figure 8d , Table 1 ). In all cases the significant PCE enhancement obtained in the devices with the F plasma treated ZnO layers as compared with the reference ones was primarily attributed to a large increase of the devices photocurrent, followed by an increased in V oc and also in the FF. This indicates that the recombination losses of photogenerated carriers are significantly suppressed in the former devices, which support our argument that fluorine incorporation within the ZnO near surface region causes effective passivation of surface defects and probably surface doping. In addition, the improved EQE measurements (Figures 8b and 8e ) and the better device stability (Figures 8c and 8f ) also verified the beneficial effect of fluorine passivation of ZnO in the device characteristics. Note that, our results are in full agreement with the passivation and n-type doping effect of SF 6 plasma on TiO 2 recently demonstrated by H. Seo and co-workers. 84 These results demonstrate that fluorine passivation of ZnO films using not only plasma, but potentially also other methods, e.g. the incorporation of fluorine dopant in the precursor solution, may be promising for making high-performing PSCs but also for photonics and various optoelectronic applications.
Conclusion
The fluorine plasma treatment of ZnO cathode interlayers was found to be effective in improving both the efficiency and lifetime of polymer solar cells, irrespective of the donor:acceptor combinations used in the photoactive blend. We propose a mechanism according to which a fluorine atom substitutes an oxygen atom or occupies an oxygen vacancy site eliminating a trap state present within the energy gap of ZnO located near the HOMO level of P3HT, acting as a charge recombination center. Significant surface defect passivation in ZnO resulted in reduced recombination losses and better overall quality of the cathode contact boosting thus the measured J sc and FF in the devices using the plasma treated interlayers. In addition, the improved V oc was attributed to the reduction of the width of the space-charge region after surface defect passivation, which resulted in a downward shift of the band edges having as a net result the reduction of the work function in the ZnO surface and lowering of the electron extraction barrier at the ZnO/fullerene
interface. Our findings demonstrate that fluorine plasma treatment can be applied for the improvement of the surface properties of ZnO layers, in particular for effective passivation of surface defects, opening a novel crystallographic coordinates; these were taken from work done by Kisi et al. 89 The ZnO (0002) surface, which according to Siao et al., 90 is the most stable and exposed crystal surface of ZnO in the O-and H-rich was set to 1 ms and the frequency to 100 Hz. The frequency, light intensity and pulse duration were constant, while the photocurrent transient was measured at an impedance of 50 Ω. The capacitance-voltage measurements were recorded on devices exhibiting the same architecture as described above (OPVs) at a frequency of 100 KHz and an AC bias of 25 mV by using a Keithley 4200-SCS DC characterization system.
The measurements were performed in air at room temperature. All measurements were performed in air. 
